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Direct observation of the longitudinal resonance mode in ferromagnets with random anisotropy
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Properties of a resonance mode, the existence of which is related to the amorphous structure, are reported.
This mode, in addition to the uniform mode, was observed in Co932xZr7(R)x ~R5Pr, Nd, Dy, Tb! amorphous
thin films possessing an in-plane uniaxial anisotropy fieldHk . A study as a function of the working frequency
shows that when the magnetic fieldH is applied in the plane defined by the film normal andHk , the mode can
be identified as a longitudinal resonance, so detected even forHihrfiHk . The mode is localized and this
localization is ‘‘stronger’’ for higher working frequencies so that the resonance fields are higher.
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According to theoretical computations1–4 it should be pos-
sible to detect experimentally the longitudinal resonan
~LR! in ferromagnets with random anisotropy. Indeed
reported an observation recently5 that in a certain class o
amorphous thin films two resonance modes are excited:
uniform resonance~UR! and a new resonance mode. W
could verify easily that one of these mode is the unifo
precession because the value of 4pMs as computed from the
resonance fields determined in perpendicular and par
configurations agreed with static VMS measurements wit
some percent. However, the new resonance mode exhibi
highly unusual overall behavior. The presentation of the
sults was limited to the case when the steady magnetic
is applied perpendicular to the film plane~H'!. For this con-
figuration the properties of the new mode could be int
preted by assuming that it was a longitudinal resona
~LR!.

Here we report the results of new ferromagnetic re
nance measurements performed at room temperature a
frequenciesf59.8, 17.9, and 35.7 GHz, respectively. The
experiments allowed us to prove formally the longitudin
nature of the new mode as it is observed for the ideal th
retical configuration, i.e., when the dc fieldH is parallel to
the rf fieldhrf and also to get insights into its properties.

The LR mode is specific to ferromagnets which exhibi
random local anisotropyKl . As opposed to a crystalline
sample where the spins formingMs are perfectly aligned
along the static equilibrium direction of the magnetizati
Ms

eq, in an amorphous material, due to the existence ofKl ,
the static equilibrium direction of the spins varies from s
to site, so the spins are not precisely colinear. Conseque
the rotation of the spin system about any axis leads t
restoring torque. This effect can be taken into account
including a spin space rotation angle as a dynamical varia
in the equations of motion. The main result of the calculat
is that one finds, apart from a mode corresponding to
usual transverse configuration (hrf'Ms

eq), a longitudinal one.
This longitudinal mode should be excited whenhrf is parallel
550163-1829/97/55~17!/11076~4!/$10.00
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eq (hrfiMs

eq) and its existence is related to the slig
misalignment of the spins in the equilibrium state connec
with the presence of the disorder.

The new mode could be observed on amorpho
Co932xZr7(R)x thin films whereR5Nd, Pr, Dy, or Tb and
0,x,4. The results are illustrated here by those obtained
R5Tb but the data for the otherR are essentially the same
For these smallR substitutions the films are ferromagne
with weak random anisotropy~FWRA!,3 and possess a rathe
high 4pMs ~104,4pMs,1.23104 Oe! and a small coercive
field Hc ~0.5,Hc,3 Oe!.6 A necessary condition for the
experimental observation of the LR mode is that the fil
display a very well-defined in-plane uniaxial anisotropy fie
Hk . Hk was induced during the formation of the samples a
its magnitude is 50,Hk,150 Oe.6 Its definition has been
studied by transverse biased initial susceptibility~TBIS!
measurements.7 TBIS measurements allow one to separa
the short-range intrinsic fluctuations ofHk related toKl ~the
ripple!, from the long-range fluctuations ofHk , the skew,
which are associated with the defects. A well-resolved
mode was observed only when the skew was negligible
condition satisfied on a large number of samples, the feat
of which are reported here.

ForH' , whatever the working frequency, the UR mode
located at the high-field side of the spectra, and its m
parameters, resonance fieldH'

UR and peak-to-peak linewidth
DH'

UR, vary continously as a function of the nature and t
concentration of theR: H'

UR decreases andDH'
UR increases

with increasingR contents, results in agreement with the
retical expectations.

One of the principal characteristics at 9.8 GHz of the L
is that the resonance fieldH'

LR and linewidthDH'
LR were

independent from the nature or the concentration of theR.5

The longitudinal nature of the new mode at 9.8 GHz w
proved by studying its variations as a function of the anglea
betweenHk and hrf , the linearly polarizedhrf field being
applied along the film plane. WhileH'

LR andDH'
LR remain

constant, the as-absorbed microwave powerP~a! varied con-
11 076 © 1997 The American Physical Society
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55 11 077BRIEF REPORTS
tinuously following the lawP(a)5P(0)cos2 a, whereP~a!
is maximum fora50 so whenhrfiHk . This result was ex-
plained by the fact that, asH'

LR!4pMs ~103,H'
LR,1.2103

Oe!, the magnetization vector remains very close to the fi
plane. ConsequentlyMs

eq up to first order is parallel toHk so
the condition that the LR precession should occur is satis
becauseMs

eqiHkihrf .
The formal demonstration of the longitudinal nature of t

mode requires an investigation whereH is applied parallel to
hrf . If H

LR is sufficiently large so thatMs
eq is oriented rigor-

ously parallel toH, one hasHihrfiMs
eq. Moreover, this par-

ticular experimental configuration corresponds to a ‘‘no
resonant’’ condition: It means that the UR or any other mo
related to the transverse case cannot be excited now.

The experimental setup whereH can be applied paralle
to hrf was available only at 17 and 35 GHz, so the expe
ments were performed at these frequencies.

At 17 GHz the spectra were studied forH applied either
along the film normal~H'!, soH''hrf , or in the film plane.
For H' both the UR and the LR have been detected. Si
larly to data obtained at 9.8 GHz, the magnitude ofP~a! was
an order of magnitude bigger forhrf parallel toHk, thanhrf
perpendicular toHk . For H in the film plane we studied
especially the configurationHiHkihrf . The conditionMsiH
was largely satisfied in accordance with the high value of
resonance fieldHLR ~Fig. 3!, so one hasMsiHihrfiHk . A
very important result is that the values ofHLR andDHLR are
the same forH''hrf andHihrf within experimental uncer-
tainties. However, as shown in Fig. 1, the shape of the
mode differs somewhat in the two configurations: It is fai
close to a Lorenztian one forH''hrf and is slightly distorted
for HiHkihrf . This effect is due to an unpredictable expe
mental difficulty. The microwave absorption by the UR
strictly equal to zero if both the external steady and the hi
d
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e

i-

i-

e

R

-

frequency modulation field—the use of this later one is ne
essary to have a sufficiently high sensitivity—is rigorous
parallel to thehrf field. Even a very small deviation with
respect to this configuration, and which is very difficult t
avoid, excite more or less strongly the microwave suscep
bilities x8 and/orx9 corresponding to the UR. In the paralle
configuration, whatever the working frequency, fortuitous
the resonance fields corresponding to the UR and to the
are rather close and the resonance linewidth of the UR
quite large. This effect explains that the shape of the LR
perturbed slightly at 17 and more strongly at 35 GHz by th
UR.

Two other experiments performed at 35 GHz allowed u

FIG. 1. Typical derivative absorption spectra at 17.864 GH
UR ~a! and LR~b! modes are for the dc field perpendicular, LR~c!
is for the dc field parallel to the film plane andHihrf . In both
configurations one hashrfiHk .
of
nd
in

he
al-
FIG. 2. Angular dependence at 35.714 GHz
the resonance fields corresponding to the UR a
LR modes, respectively. The dc field is rotated
the plane formed byn andHk while hrfiHk . The
line is the computed curve corresponding to t
UR. The resonance spectra for two particular v
ues ofu are also shown.
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to get more insight into the exact nature of the mode. In
first one we studied the evolution of the spectra by rotatingH
in the plane defined by the film normalnW andHk while hrf
was applied alongHk . Now the most instructive results wer
the variations of the respective resonance fields and tha
the ratio N5P~LR!/P~UR! of the absorbed microwav
power ~Fig. 2!, whereP~LR! andP~UR! corresponds to the
LR and UR, respectively. The resonance field and linewi
related to the UR varied in agreement with the classical t
oretical expectations. On the other hand, the resonance
and linewidth related to the LR remains, within experimen
uncertainties,strictly independentfrom the direction of the
steady field. The variations ofN are also very spectacu
lar: N increases continuously by several orders of mag
tude when the parallel configuration is approached. This
periment is a direct confirmation that when the configurat
Hihrf is approached,P~UR! is continously reduced, in con
trast toP~LR!.

In the second experiment the high sensitivity of the L
for the in-plane geometry was shown. Nowhrf was applied
parallel toHk and the direction ofH was varied in the film
plane from the configuration perpendicular tohrfiHk to the
configuration parallel to it. Again the results are remarkab
While the resonance field corresponding to the UR is
changed,P~UR! decreased continuously. WhenH is oriented
fairly close tohrf ~typically less than 5°! one observes the LR
clearly resolved, however superposed on the small resi
absorption of the UR for the reasons indicated previousl

The other results obtained are the following.
~1! The number of samples investigated was much sma

at 17 and 35 GHz than at 9.8 GHz. The overall data obtai
presently are in favor of the assumption thatH'

LR andDH'
LR ,

while they vary strongly with the working frequency, a
independent up to the first order of the concentration of
Tb.

~2! The variation representative of the resonance-fi
H'

LR as a function of the working frequencyf is reported in
Fig. 3:H'

LR increases largely with increasingf , as expected
theoretically,1–4 but the experimental relationship differ
from the theoretically computed ones, for the reasons
cussed hereafter.

~3! An important experimental outcome, because it sho
the exact nature of the LR, is the variation ofN as a function
of f . N decreases very rapidly withf , so the corresponding
H'

LR increases. Actually we cannot establish a relations
having a general validity so the effect is just illustrated fo
particular sample in Fig. 3.

Considering the experimental data, the following mod
can be proposed: In a ferromagnet with weak random ani
ropy, a resonance mode specific to this magnetic state ca
observed if the sample exhibits a very well definedHk . Hk
has several functions as regards to the possibility to de
the mode and the nature of the mode.

~4! The calculations about the LR were founded implici
upon the hypothesis that it can be exited in a basically w
aligned ferromagnetic system where the random anisotr
can be treated as a perturbation.1,2 This is the ferromagne
with wandering axis~FWA! regime.3 Following a first
evaluation3 it was estimated that a FWA regime in a FWR
should be attained for a relatively small applied field. Ho
ever, a later computation by Saslow showed2 that the estab-
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lishment of a well-aligned FWA regime is much more seve
than originally thought, so the magnitude of the fieldHa
necessary to reach this regime must be much higher. O
ously, ifHLR is lower thanHa the detection of the LR could
be very difficult or even impossible, because the presenc
large magnetic inhomogeneities which contribute to the
laxation process. These problems are solved in a straigh
ward way by the existence ofHk . As shown by TBIS mea-
surements and domain structure studies, we have a w
aligned system even when the magnetic field is reduce

FIG. 3. The frequency dependence of~a! the resonance field
~HLR!, ~b! linewidth ~DHLR!, and ~c! microwave absorption ratio
N5I LR~DHLR!2/IUR~DHUR!2. The dashed lines joining the exper
mental data are guides for eyes.~I! and ~II ! are computed curves
with H5v/g andH5~1/Hex!

1/3~v/g!4/3 @see Eqs.~4! and~6! of Ref.
4#. Hex52.53105 Oe ~Ref. 5!.
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zero. Effectively atH50 domain splitting with a configura
tion typical of a film with an in-plane easy axis is observ
showing that the system is in a FWA regime. The rand
anisotropy now can be definitely considered as a perturba
and one of the main requirements necessary for the dete
of LR is satisfied.

~5! The most logical way to explainN and its variations
with f is that it corresponds to the ratio of the amount
spins contributing to the LR and UR, respectively. Whate
f , the UR is a collective process in which all spins parti
pate. Consequently, the LR is a localized mode. The lo
ized behavior of a resonance mode related to the ran
anisotropy is not a surprising phenomenon. Wave local
tion is just a general consequence of the disorder and
special case of the localization process proposed origin
by Anderson. The localization of spin waves were predic
in several computations, for various experimen
situations,4,8,9 and the present experiment is just the o
where such a mode is observed directly.

A better understanding of the localization mechanism
be obtained by taking into account the particular magn
structure of our films. Thin films which exhibit a localKl
and a uniaxialKu anisotropy are formed of magnetical
fairly strongly coupled10 and geometrically very
well-defined10,11 regions. According to computations deve
oped for crystalline films10,11 and extended to amorphou
ones,12 these regions are an elongated rhombus11 with the
short axis parallel and the long axis perpendicular to
mean direction of the magnetization. For the parameter
our films the transverse axis is an order of magnitude lon
than the longitudinal one. A current hypothesis is that
wavelength of the localized mode is related to the ferrom
netic coupling length. Presently it should correspond to
wavelength of the short-range ripple10 given by
ev
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l;2pRLR;2pAA/@Kuh(a8)# ~A, exchange const.!. If h is
applied along the easy axisa850 andh(0)5(H/Hk)11, so
l decreases whenH is higher. General considerations o
localization show that it changes gradually towards a ‘‘stro
ger’’ one as the localization length is shorter.13 This mecha-
nism allows one to understand that the amount of spins
ticipating in the LR, soN decreases when the field require
for resonance is higher. This localized nature of the LR
probably at the origin of the difference between the co
puted and the experimental value ofHLR: The computation
of HLR for various magnetic regimes1,2,4 have been per-
formed by assuming that the LR is a collective process.

~6! A very important property ofHk is that the nature of
the mode is determined by the orientation ofMs with respect
to Hk . Accordingly, the longitudinal nature of the mode
unchanged whatever the direction ofMs in the plane formed
by nW andHk . The constant value ofH

LR could be due to the
localized nature of the mode: Only a very limited amount
spins contribute to the LR, hence the related demagnetiz
field is negligible. On the other hand, the nature of the mo
changes completely whenH is rotated in the plane perpen
dicular to that formed bynW and Hk as will be shown
elsewhere.14

In conclusion, in a certain class of amorphous thin film
which exhibit an in-plane uniaxial anisotropy field, a res
nance mode related to the random anisotropy is detec
The mode displays the properties of a longitudinal resona
when the dc field is applied in the plane formed bynW andHk
so observed experimentally whenH is applied parallel tohrf .
The mode is localized and evolves towards ‘‘stronger’’ l
calization as the field required for resonance increases.
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